ABSTRACT. This work reports the production of fatty acid ethyl esters (FAEE) from the transesterification of soybean oil in supercritical ethanol in a continuous catalyst-free process using different reactor configurations. Experiments were performed in a tubular reactor in one-step reaction and experimentally simulating two reactors, one operated in series and the other a recycle reactor. The reaction products were analyzed for their content of residual triglycerides, glycerol, monoglycerides, diglycerides, ethyl esters and decomposition. Results show that the configurations studied with intermediate separation of glycerol afford higher conversions of vegetable oil to their fatty acid ethyl esters derivatives when compared to the one-step reaction, with relatively low decomposition of fatty acids (< 5.0 wt%).
Introduction
The transesterification of vegetal oils using an alcohol at supercritical conditions comprises a method used to produce biodiesel and has gained growing interest due to the benefits related to the environment and quality of the fuel generated (DEMIRBAS, 2002; SAKA, 2001; MADRAS et al., 2004; PINNARAT; SAVAGE, 2008; WEN et al., 2009) . According to the current literature, catalyst-free alcoholysis reactions at high temperature and pressure conditions provide improved phase solubility, decrease mass-transfer limitations, afford higher reaction rates and make the separation and purification steps of the products easier. Additionally, it has been shown that the socalled supercritical method is more tolerant to the presence of water SAKA, 2004a; VIEITEZ et al., 2008) and free fatty acids than the conventional alkali-catalyzed technique, and hence more tolerant to various types of vegetable oils, even fried and waste oils (KUSDIANA; SAKA, 2004a; RATHORE; MADRAS, 2007) .
However, the supercritical method requires high molar ratios of alcohol to oil and the use of high temperatures and pressures to achieve satisfactory conversion levels, leading to high processing costs and in many cases causing degradation of the fatty acid esters formed (IMAHARA et al., 2008) and secondary reactions with the glycerol formed as byproduct (AIMARETTI et al., 2009) , hence decreasing the reaction conversion (HE et al., 2007; SAKA, 2004b; SAKA, 2006; SILVA et al., 2007; VIEITEZ et al., 2009 ).
Attempts to reduce the expected high operating cost and product degradation have been made through the addition of co-solvents HAN et al., 2005; ANITESCU et al., 2008; BERTOLDI et al., 2009 ), two-step or recycle process with removal of glycerol generated in the first step (BUSTO et al., 2006; D'IPPOLITO et al., 2007) and adopting a two-step process comprising hydrolysis of triglycerides in subcritical water with subsequent esterification of fatty acids (KUSDIANA; SAKA, 2004b; SAKA, 2006) .
The reaction conducted in two steps with reactors in series and/or recycling the outgoing stream with intermediate removal of glycerol can increase the yield of the reaction, since the reaction may take place at lower alcohol-to-oil ratios, increasing the reaction rates of biodiesel production (CRAWFORD et al., 2007) . The reaction of glycerol formed during the process with other components of the reaction medium may lead to a decrease in esters yield (MINAMI; SAKA, 2006) and undesirable consumption of alcohol (AIMARETTI et al., 2009) .
In this context, the main objective of this work is to investigate the continuous transesterification of soybean oil under supercritical ethanol conditions, in a one-step reaction and experimentally simulating of two operation modes, reactors in series and a recycle reactor.
Material and methods

Materials
Commercial refined soybean oil (Soya, Bunge Alimentos S/A -Brazil) and ethanol (Merck, 99.9%) were used as substrates without further treatment. Other solvents, standards and reagents used in the derivatization step required for the analysis were supplied by Sigma-Aldrich. Chemical composition for the soybean oil used in this work is reported elsewhere (VIEITEZ et al., 2008) . The acid value (mg KOH g -1 ) and water content (wt%, Karl Fischer titration method, DL 50, Mettler-Toledo) was determined to be approximately 0.2 and 0.04, respectively.
Apparatus and experimental procedure
The experimental reaction system used in this work, schematically presented in Figure 1 , is similar to that used previously by Bertoldi et al. (2009) and Silva et al. (2010) . The substrates, ethanol and oil, at the pre-established molar ratio, were placed in a closed Erlenmeyer and mixed using a mechanical stirring device, then fed into the reaction system by a high-pressure liquid pump (Acuflow). The reactor, which has a capacity of 88 mL and is made of stainless steel tubing (316 L 6.35 mm OD and 3.2 mm inner diameter, HIP tubing), was placed in a furnace with controlled temperature and monitored by two thermocouples directly connected at the inlet and outlet of the reactor. With this arrangement, the reaction temperature was controlled with a precision of ±5 K. The system pressure was controlled by a control loop consisting of a pressure transducer (Smar, model A5), a PID controller (Novus, Model N1100) and a pneumatic valve (BaumannTM, model 51000). Though more complex definitions could be used for the evaluation of the time spent in the reactor (the superficial residence time) (MINAMI; SAKA, 2006; SILVA et al., 2007) , in this work the residence time was computed dividing the volume of the reactor (mL) by the flow rate of substrates (mL min.
-1 ) set in the liquid pump, a true, engineering parameter.
A significant sample of the first step was collected at the reactor outlet after reaching the steady state condition (named model reaction), i.e., after a reactor space-time had been elapsed at least three times. Afterwards, evaporation of ethanol was performed in the sample collected at 348 K and 13.7 kPa of vacuum and separation of the glycerol formed by centrifugation at 3000 rpm for 10 min. In the simulated experiments of reactors in series or recycle reactor, ethanol was added to the resulting output stream (free of ethanol and glycerol) to again reach an oil-toethanol mass ratio of 1:1. For the process with recycle, two mass ratios, on the basis of oil-toethanol feed stream, 20 and 40 wt%, were adopted for a second (R 1 ) and a third (R 2 ) pass through the reactor. As in the first pass (model reaction), for the recycle reactor, ethanol was evaporated and glycerol generated was separated from R 1 , always keeping fixed temperature at 598 K, 20 MPa and oil-to-ethanol mass ratio of 1:1. Preliminary tests were carried out for some experimental conditions, affording excellent reproducibility of the experimental apparatus (SILVA et al., 2010) . Based on duplicate experiments, the overall experimental error was found to be less than 5 wt% on FAEE content. 
Material e methods
Analysis of Fatty Acid Ethyl Esters (FAEE)
Samples were first submitted to ethanol evaporation until constant weight in a vacuum oven (338 K, 0.05 MPa) and then diluted with 2 mL of ethanol and 8 mL of n-heptane. Afterwards, a small amount was transferred to a 1 mL flask in order to obtain a concentration of 1000 ppm and then the internal standard was added at a concentration of 250 ppm using n-heptane as solvent. After that, 1 μL of solution was injected in triplicate in a gas chromatograph (Shimadzu GC-2010), equipped with FID, autoinjector AOC-20i and a capillary column (DBWAX, 30 m x 0.25 mm x 0.25 μm). Column temperature was programmed from 393 K, holding 2 min., heating to 453 K at 10 K min.
-1 , holding 3 min., and to 503 K at 5 K min.
-1 , holding 2 min. Helium was used as carrier gas, and the injection and detector temperatures were 523 K with 1:50 split ratio. Compounds were quantified upon analysis following the Standard UNE-EN 14103 (2003) , and the reaction conversion was then calculated based on the content of ethyl esters in the analyzed sample and on the reaction stoichiometry.
Decomposition of fatty acids
Samples were treated with BF 3 /MeOH as described by Method AOCS Ce 2-66 (1990) in order to derivatize all the fatty acids (mono-, di-and triglycerides, free fatty acids and also ethyl esters) to the corresponding methyl esters, and then analyzed by GC as described above. Decomposition percentage was calculated as described by Vieitez et al. (2008) , Vieitez et al. (2009) and Bertoldi et al. (2009) .
Analysis of mono-, di-, triglycerides (MG, DG and TG) and glycerol
Mono-, di-and triglycerides of soybean and glycerol were quantified upon analysis following the Standard UNE-EN 14105 (2003). Samples prepared as described above were treated with MSTFA (Nmethyl-N-(trimethylsilyl) trifluoroacetamide)/pyridine to ensure derivatization of free alcohols to their corresponding trimethylsilyl esters and transferred to a 10 mL flask using n-heptane as solvent. GC analysis was conducted in the above-described equipment, with a column DB-5HT (30 m x 0.25 mm x 0.10 μm) and on-column injector. The column temperature gradient was set as follows: 323 K, holding 1 min.; 288 K min.
-1 up to 453 K; 280 K min.
-1 up to 503 K; and 283 K min.
-1 up to 653 K, holding 8 min. The detector temperature was 653 K; pressure of carrier gas (hydrogen) was 80 kPa. Standard samples of 1 μL were injected in triplicate.
Results and discussion
One step reaction
To evaluate the reaction of soybean oil at supercritical conditions in one step, experiments were performed at 598 K, oil-to-ethanol mass ratio of 1:1 and pressure of 10 and 20 MPa. Figure 2 shows the time course of the FAEE content and decomposition for these conditions. It can be seen from Figure 2 that an increase in pressure leads to a sharp enhancement of fatty acid ethyl esters (FAEE) and faster initial reaction rates. According to Figure  2 , the best FAEE contents were obtained for 20 MPa, consistent with the results presented in the literature in the works of Kusdiana and Saka (2001) and Demirbas (2002) for transesterification reactions in batch mode, and Minami and Saka (2006) , Silva et al. (2007) and Bertoldi et al. (2009) in continuous mode. At 598 K and 25 min. of residence time, 42 wt% of ethyl esters is obtained at 20 MPa and 22 wt% at 10 MPa. It was observed that as reaction time elapses, FAEE content decreases for reactions at 20 MPa, as observed in reports from the literature (BERTOLDI et al., 2009; SAKA, 2006; SILVA et al., 2007; VIEITEZ et al., 2009 (DEMIRBAS, 2007; IMAHARA et al., 2008; KASIM et al., 2009; VIEITEZ et al., 2009 ) and can favor backward reaction of glycerol (AIMARETTI et al., 2009; ANITESCU et al., 2008) with products of reaction and may cause product degradation, thus decreasing the production of fatty acid esters. Figure 2 shows the results regarding total decomposition of fatty acids determined by derivatization with BF 3 /MetOH. It was observed that system pressure affects decomposition, at the higher residence time (about 45 min.), the decomposition of 4.9 wt% at 10 MPa increases to 7.5 wt% at 20 MPa. Pressures above 20 MPa were not considered in this work due to the low increase in FAEE content and the high initial investments (equipment costs) for the implementation of such process operated at higher pressures. It is believed that operational pressures above 20 MPa may not be industrially viable, increasing the implementation costs for biodiesel production through the supercritical transesterification method. 
Two-step reaction
Model reaction
To evaluate the different configurations of reactors (series and recycle) using a tubular reactor, an experimental condition was selected based on the results presented in the Figure 2 : temperature of 598 K, pressure of 20 MPa and oil-to-ethanol mass ratio of 1:1, which led to about 52 wt% of fatty acid ethyl esters (FAEE) and decomposition of about 2.5 wt% for residence time of 30 min. In this sample the content of triglycerides (TG), diglycerides (DG), monoglycerides (MG) and glycerol was determined as about 9.9, 15.8, 12.7 and 5.1 wt%, respectively. A significant sample amount of the reaction was collected at this operating condition and stored for later study of reactor configurations. During sampling time, small samples were taken to assess the stability of reactor operation and the system remains in acceptable steady state condition with around 52 wt% of FAEE, as depicted in Figure 3 . 
Reactors in series
To conduct the reaction in series, ethanol was added to the sample obtained in the model reaction step (free of ethanol and glycerol) so as to give an oil-to-ethanol mass ratio of 1:1, just subtracting the (2006) mentioned that to achieve high conversions in the second reaction step, high conversions are required in the first step, to allow proper miscibility of the mixture ester/alcohol/triglyceride. These authors reported conversions above 95 wt% using reactors operated in series operating at 523 K and oil-to-ethanol molar ratio of 1:10 for a residence time of 30 minutes, with a conversion in the first reaction step of 85 wt%, using methanol as substrate. The alcoholysis reaction in a supercritical two-step reaction was analyzed numerically by D 'Ippolito et al. (2007) , who argued that the first reaction step conducted by a CSTR followed a tubular reactor is the most suitable configuration.
For the results in terms of content of triglycerides (TG), diglycerides (DG), monoglycerides (MG) and glycerol shows in the Figure 4 , where it can be noted that almost complete conversions of TG occurred for longer residence times (30 min.) with final lower percentage of DG and MG (2.0 and 8.2 wt%, respectively), consistent with the FAEE content values reported. Note also that glycerol content, formed as by-product, increases with increasing residence time, which agrees with increasing FAEE content. Aimaretti et al. (2009) reported that the high decomposition rates observed in the supercritical alcoholysis of vegetable oils can be caused by secondary reactions of glycerol with other compounds of the reaction medium. Thus, the use of reactors in series, with intermediate separation of glycerol is justified, since low product decomposition values are observed at high residence times (5.0 wt%), which enables the achievement of higher yields at lower temperature (598 K) and relatively smaller amounts of alcohol (ethanol-tooil mass ratio of 1:1 or 1:20 oil-to-ethanol molar ratio) when compared to the process operated in one step (BERTOLDI et al., 2009; HE et al., 2007; SAKA, 2004b; SAKA, 2006; SILVA et al., 2007; VIEITEZ et al., 2009 ).
Recycle reactor
To analyze the configuration of the recycle reactor, two different recycle ratios were studied: 20 and 40 wt% (on the basis of feeding, oil-to-ethanol, stream), at 598 K, residence time of 30 min., pressure at 20 MPa and oil-to-ethanol mass ratio of 1:1, with the first (model reaction) and second passes (R 1 ) free of ethanol and glycerol. Results for these experimental simulations are shown in Figures 5 (a and b) . It can be seen from Figure 5a that an increase in recycle ratio leads to a rise in FAEE content for R 1 , where 59 wt% were achieved and 67 wt% for recycling ratios of 20 and 40 wt%, respectively. As cited by Busto et al. (2006) , when operating with recycle, the non-reacted products, DG and MG and esters formed may act as co-solvents in the reaction medium, increasing the solubility between the phases and reducing the limitations of mass transfer, hence increasing the reaction conversion to FAEE. Granados et al. (2009) evaluated the addition of biodiesel (with a high FAEE content) in the batch reaction of sunflower oil at low pressure using CaO as catalyst and found that the presence of a small amount of biodiesel in the initial methanoltriglyceride mixture (3 wt% referred to oil) promoted a significant increase in triglyceride methanolysis.
Thus, as shown in Figure 5 (b) for the step corresponding to recycle R 2 , which was formed with feeding stream and recycled material in R 1 (Figure 5a ), contents of around 67 and 74 wt%, were obtained for recycle ratios of 20 and 40 wt%, respectively. These results indicate that much improved reaction conversions may be obtained through the use of reactor recycle. The percentage of TG, shown in Figures 5 (a and b) , decreases with increasing the recycle ratio and also for the second recycle step (R 2 ) thus, affecting the simultaneous formation and consumption of DG and MG and formation of glycerol as a reaction by-product. For the condition that led to the highest conversion into esters (40 wt% recycle ratio -R 2 ) there was almost complete conversion of TG (0.7 wt%), low percentage of non-reacted intermediate compounds (11.8 wt%) and glycerol percentage of approximately 6.9 wt%. In both conditions studied low percentage of decomposition was observed (< 5.0wt%).
Analysis of glycerol formed in R 2 with the recycle ratio of 40 wt% revealed the existence of only 1 wt% of FAEE, the absence of TG, DG and MG and 5 wt% of water content and ~ 90 wt% of glycerol (analyzed using the method of Cocks and Van Rede (COCKS; VAN REDE, 1966) ). Thus, the recycle reactor scheme may afford glycerol with relatively high purity, which may not be obtained through the conventional alkalicatalyzed method; this fact of course should be taken into account for the purpose of implementation of a cost-effective transesterification process. 
Conclusion
This work reported experimental data on FAEE production in a continuous tubular reactor, evaluating two configurations of reactors, reactor in series and recycle reactor. Results showed that FAEE yield increases significantly in relation to the onestep reaction process, with low decomposition values. In the experimental conditions investigated, it reached 74 wt% FAEE content for the process operated with two reactors in series and about 75 wt% for the recycle configuration both at 20 MPa, 598 K, oil-to-ethanol mass ratio of 1:1 and 30 minutes of residence time, with a good purity degree obtained for glycerol.
